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ABSTRACT

A method and apparatus to generate a beam of coherent light
including X-rays or XUV by colliding a high-intensity laser
pulse with an electron beam that is accelerated by a Syn
chronized laser pulse. Applications include X-ray and EUV
lithography, protein Structural analysis, plasma diagnostics,
X-ray diffraction, crack analysis, non-destructive testing,
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Surface Science and ultrafast Science.
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Schematic diagram illustrating the underlying physical mechanism.
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FIGURE 1. Schematic diagram illustrating the underlying physical mechanism.
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FIGURE 2. In this geometry, no electrostatic or magnetostatic fil
tering is employed, but the electron energy spread may be reduced
by use of multiple laser beams or a density discontinuity to inject
electrons at a prescribed phase.
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FIGURE 3. DQ configuration. A sector magnet is used in conjunc
tion with a quadrupole to reduce the energy spread of the electron
beam.
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FIGURE 4. QQQD configuration. In this case, the energy spread of
the electron beam is reduced and the electron source is imaged to

the interaction region by use of three quadrupole magnets followed

by a dipole.
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FIGURE 5. DQDQQ configuration. In this case, the energy spread
of the electron beam is reduced and the electron source is imaged
to the interaction region by use of a quadrupole magnet between
two dipoles followed by two more quadrupoles.
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FIGURE 6. Oscillator-amplifier configuration. The components are
the same as in Fig. 4, but another synchronized laser beam has been
added, a harmonics pump laser beam (a), which is split off with a
beam splitter and independently delayed by a delay line in similar
fashion to the amplifier pump beam. (The optics used to split the
beam and delay it, along with those used to do the same for the
other two laser beams from Fig. 4 are not shown.) This beam is

focused to a gas jet (22) by a parabolic mirror (81) with a hole in
it, through which the electron beam passes. The radiation from
the gas jet seeds the amplifier. The same QQQD configuration of
Fig. 4 is used to reduce the energy spread of the electrons, but only
the dipole magnet (51) is shown.
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FIGURE 7. Oscillator-amplifier configuration (enlarged). This fig
ure shows an enlarged version of final optics from Fig. 6.
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FIGURE 8. Oscillator-amplifier configuration. The components are
the same as in Fig. 6, but a DQDQQ configuration of Fig. 5 is used
to reduce the energy spread of, and image, the electrons.
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FIGURE 9. Dual amplifier configuration. A second amplifier stage

is added, in which a second electron beam and a second pump laser
are used, after the seeding stage and the first amplifier of Fig. 6.
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FIGURE 10. Exponential gain in XUV regime.
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FIGURE 11. Incoherent XUV source.
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FIGURE 12. Collective gain with finite energy spread and trans

verse emittance.
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ULTRA-SHORT WAVELENGTH X-RAY SYSTEM
GOVERNMENTS RIGHT CLAUSE

0001. This invention was made with government support
provided by the Department of Energy (Grant No.
DE-FG02-96ER 14685) and Office of Naval Research (Grant
No. N00014-01-1-0849). The government has certain rights
in the invention.
FIELD OF THE INVENTION

0002 The present invention relates to ultrashort-pulse
duration and high-power light Sources.

laser-accelerated electron gun is coupled with an electro
magnetic wiggler or undulator. A further refinement is the
operation of the device in the collective regime by means of

the free-electron laser (FEL) mechanism, which increases
the coherence of the light as well as increases its power. In
order to operate in this collective regime, the invention
provides Several means by which the output of the laser
driven electron accelerator can be made relatively monoen
ergetic. Also disclosed are the results of Simulations and
calculations that confirm the attendant large increase in the
X-ray power at the wavelength of interest for EUV lithog
raphy, based on the experimentally measured electron beam
parameters from a laser-based accelerator. Also disclosed are
methods to increase the electron flux and thus the Scattered

BACKGROUND OF THE INVENTION

0003. In order to satisfy the needs of basic research as
well as industry, there is currently great interest in coherent,
ultrashort-pulse-duration and high-power light Sources. In

basic research, large (kilometer) X-ray Synchrotrons have

met Some of these needs, but they are extremely expensive,
coSting hundreds of millions of dollars. Thus, there is a need
for an affordable and compact Source, having a Small enough
footprint to fit in a university or industrial research labora
tory or factory Setting. Additionally, light with Shorter pulse
durations than are currently produced by Synchrotrons are
required in order to provide ultrafast time-resolution of
transient physical or chemical processes. Perhaps the most
important applications of advanced X-ray Sources are EUV
lithography and protein Structural analysis.
0004. In the former case, in order for computer chips to
continue their exponential increase in Speed for a given size,
the next generation of lithography will require features
resolution of less than 50 nm, which in turn will require a
bright source of light with a wavelength of 13.6 nm. How
ever, current Sources at this wavelength are not powerful
enough to meet the computer manufacturing industry's
requirements.
0005. In the case of protein structural analysis, the pri
mary motivation is to be able to map by use of X-ray

diffraction the large number of proteins (over one million) as
has been done for genes (30,000) in the past. Obtaining this
information is important because proteins direct most bio
logical functions. Because of the size of the molecules
involved, there is a great need to be able to resolve even
Smaller features than in lithography, 1 nm or less.
SUMMARY OF THE INVENTION

0006 The present invention addresses the need for a
highly collimated and coherent Source to make it possible to
better interpret structures by having a well-defined diffrac
tion phase. Also, a short pulse is desirable in order to obtain
the Structural information before damage to the Sample from
the absorption of radiation. For the proteins that can be

crystallized, ~10' x-ray photons per shot are sufficient.

Such large fluxes are not currently produced by any Source
Small enough to fit on an industrial research laboratory floor.
0007. The invention provides a method and apparatus to
generate a beam of coherent light that Satisfies all of require
ments for uses in lithography and protein analysis, among
other applications. It is based on the Thomson Scattering of
a high-intensity laser pulse with an electron beam that is
accelerated by a Synchronized laser pulse. In one aspect, a

X-ray power. The inclusion of other concepts for decreasing
the energy-spread of laser-based accelerators, Such as laser

injection of electrons (see Umstadter U.S. Pat. No. 5,789,
876), increases this power even further. The invention also

provides a method for Seeding the amplification by the
injection of radiation of the desired wavelength from a
Separate Synchronized laser-pumped X-ray Source.
0008. The invention provides a method and apparatus to
generate short-wavelength radiation by means of Thomson
Scattering in both the Single particle and the collective
regime from a laser-driven accelerator using an electromag

netic (laser) wiggler or undulator. In a related aspect, the

invention provides a method to increase the amplification of
Short-wavelength radiation by creating a lower emittance
beam of electrons from a laser-driven accelerator, and
creating a more monoenergetic beam of electrons from a
laser-driven accelerator.

0009. Other features include: a method to tune the wave
length of short-wavelength radiation by varying the energy
of a laser-accelerated beam of electrons, a method to overlap
a laser beam with an electron beam in order to increase the

amplification of Short-wavelength radiation; a method to
vary the wavelength of Short-wavelength radiation by vary
ing the energy of laser accelerated electrons, a method to
Satisfy phase-matching for the generation of Short-wave
length radiation by varying the angle of laser accelerated
electrons with respect to the angle of a Scattering laser beam;
and a method to change the pulse duration of short-wave
length radiation by varying the angle of laser accelerated
electrons with respect to the angle of a Scattering laser beam.
0010 Still other features include: a method to increase
the flux of short-wavelength radiation by increasing the flux
of laser accelerated electrons, and a method to increase the

flux of Short-wavelength radiation by varying the pulse
duration of a Scattering laser beam.
0011 Further features include: a method to increase the
flux and/or coherence of Short-wavelength radiation by

Seeding a laser-driven FEL (electromagnetic wiggler) with a
high-order harmonic radiation from the interaction of lasers
with Solids, liquids, gases or plasmas; a method to increase
the flux and/or coherence of Short-wavelength radiation by
Seeding a laser-driven FEL with continuum Thomson Scat
tered radiation by seeding a laser-driven FEL with radiation
from betatron oscillations of electrons driven by lasers
propagating in plasma channels.
0012 Finally, the invention includes a method to gener
ate short-wavelength radiation for EUV, XUV or x-ray
lithography, and for protein Structural analysis.
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0013 Systems and apparatus are provided for use in the
aforesaid methods.

0.014. In view of the foregoing, in general, the invention
provides a method for generating electromagnetic radiation
comprising producing a group of free electrons, undulating
the group of free electrons and causing emission of radia
tion. Various aspects of producing free electrons includes:
accelerating free electrons by means of an electron beam in
a plasma; accelerating free electrons in a plasma; acceler
ating free electrons by means of a laser in a plasma; where
the accelerating is accomplished, at least in part, by plasma
Wakefield; and where the accelerating is assisted by a DC

groups having essentially non-overlapping energy ranges.
The Spatially Separate groups of free electrons having the
different energy ranges are undulated essentially Simulta
neously in respective Separate undulators to cause emission
of radiation at various frequencies.
0021 Further areas of applicability of the present inven
tion will become apparent from the detailed description
provided hereinafter. It should be understood that the
detailed description and Specific examples, while indicating
the preferred embodiment of the invention, are intended for
purposes of illustration only and are not intended to limit the
Scope of the invention.

(direct current) electric field.
0.015 The undulating is accomplished by various means,

including an electromagnetic laser Wiggler and a magneto
Static undulator, among the more preferred variations.
0016. The method of the invention is used to lithographi
cally pattern a Substrate comprising generating electromag
netic radiation by the method of the invention and directing
the radiation to the Substrate. In one variation, the electro

magnetic radiation obtained by the method of the invention
is directed first to a mask and then to the Substrate. In another

variation according to the invention, the method for gener
ating electromagnetic radiation is uSable in a method to
produce data for analysis of defined Structures comprising:
generating the electromagnetic radiation by the method of
invention and directing the radiation to the Structure; and
then imaging the radiation to a detector. The method of the
invention is also usable to produce electromagnetic radiation
for analysis of protein Structure comprising generating elec
tromagnetic radiation by the method of the invention and
directing the radiation to the protein Structure and then to a
detector.

0.017. Other important general features of the invention
included the production of radiation at either a fundamental
frequency, or where the radiation produced by the method of
the invention comprises multiple frequencies that are mul
tiples of a fundamental frequency. Such multiple frequencies
are generated by the undulator, characterized by its field
Strength that is essentially non-sinusoidal.
0.018. In a further feature of the method of the present
invention, multiple amplifiers are used. This method com
prises: generating a first group of free electrons, then Sepa
rately generating Seed radiation; and undulating the first
group of free electrons in the presence of the Seed radiation,
thereby producing first amplified radiation. Then a Second
group of free electrons is generated, and the Second group of
free electrons and the first amplified radiation are directed to
a Second undulator to produce Second amplified radiation.
0.019 Those skilled in the art will appreciate that multiple
amplification with additional free electrons is possible. In
this case, the first group of free electrons and Seed radiation
is generated and an upstream undulator is used, to generate
upstream amplified radiation. Then a further group of free
electrons is generated, the upstream amplified radiation and
the further group of free electrons are directed to a down
Stream undulator, with repetition of the upstream feed to the
downstream undulator, multi-stage amplification for a
desired number of Stages occurs.
0020) Further in accordance with the earlier described
features, free electrons are produced in Spatially Separate

BRIEF DESCRIPTION OF THE DRAWINGS

0022. The present invention will become more fully
understood from the detailed description and the accompa
nying drawings, wherein:
0023 FIG. 1 is a schematic diagram illustrating the
underlying physical mechanism.
0024 FIG. 2 is a schematic of a system for producing
ultra-short wavelength radiation. In this geometry, no elec
troStatic or magnetostatic filtering is employed, but the
electron energy spread is reduced by use of multiple laser
beams or a density discontinuity to inject electrons at a
prescribed phase.
0025 FIG. 3 is a second embodiment of an apparatus for
producing ultra-short wavelength radiation. This shows a
DQ configuration. A Sector magnet is used in conjunction
with a quadrupole to reduce the energy spread of the electron
beam.

0026 FIG. 4 is a third embodiment of an apparatus for
producing ultra-Short wavelength radiation. This shows a
QQQD configuration. In this case, the energy spread of the
electron beam is reduced and the electron Source is imaged
to the interaction region by use of three quadrupole magnets
followed by a dipole.
0027 FIG. 5 is a fourth embodiment of an apparatus for
producing ultra-Short wavelength radiation. This shows a
DQDQQ configuration. In this case, the energy spread of the
electron beam is reduced and the electron Source is imaged
to the interaction region by use of a quadrupole magnet
between two dipoles followed by two more quadrupoles.
0028 FIG. 6 is a fifth embodiment of an apparatus for
producing ultra-short wavelength radiation. This shows an
oscillator-amplifier configuration. The components are the
same as in FIG. 4, but another synchronized laser beam has
been added, a harmonics pump laser beam, which is split off
with a beam splitter and independently delayed by a delay
line in Similar fashion to the amplifier pump beam. The
optics used to split the beam and delay it, along with those
used to do the same for the other two laser beams from FIG.

4 are not shown. This beam is focused to a gas jet by a
parabolic mirror with a hole in it, through which the electron
beam passes. The radiation from the gas jet Seeds the
amplifier. The same QQQD configuration of FIG. 4 is used
to reduce the energy Spread of the electrons, but only the
dipole magnet is shown.
0029 FIG. 7 shows an enlarged version of final optics
from FIG. 6. The oscillator-amplifier configuration is
enlarged.
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0030 FIG. 8 shows another oscillator-amplifier configu
ration. The components are the same as in FIG. 6, but a
DQDQQ configuration of FIG. 5 is used to reduce the
energy spread of, and image, the electrons.
0.031 FIG. 9 shows a dual amplifier configuration. A
Second amplifier Stage is added, in which a Second electron
beam and a Second pump laser are used, after the Seeding
stage and the first amplifier of FIG. 6.
0.032 FIG. 10 shows a graph of exponential gain in XUV
regime.
0033) FIG. 11 shows a graph of incoherent XUV source.
0034 FIG. 12 shows a graph of collective gain with finite
energy spread and transverse emittance.
0.035 FIG. 13 is a schematic drawing illustrating the
physical mechanism of a magnetostatic undulator.
DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

0.036 The following description of the preferred embodi
ment(s) is merely exemplary in nature and is in no way
intended to limit the invention, its application, or uses.
0037 Laser-based accelerators currently produce elec

tron beams that are well collimated (less than 1-degree
divergence angle) with nano Coulombs of charge, with Sub
picoSecond pulse durations and at repetition rates of 10 Hz.

They are based on the generation of high amplitude plasma
waves by high-power lasers, by one of Several mechanisms,
Such as the Self-modulated laser Wakefield acceleration

mechanism, the resonantly driven wakefield mechanism (see
Umstadter U.S. Pat. No. 5,637,966), and the beatwave

accelerator mechanism. One important attribute of these
optically-driven accelerators as compared to their more
conventional radio-frequency based counterparts is that the

accelerating gradient (1 GeV/cm) is four orders of magni
tude greater. Thus electron energies of 100-million electron

volts (MeV) can be achieved in a distance of only 1 mm, as

compared with 10 meters. One aspect of their beam quality,
the transverse emittance, is found to be comparable, or even
lower, than that from a conventional accelerator. However,

their longitudinal emittance, or energy Spread, is large,
almost 100%. Such a large energy spread is reducable by use
of magnetic filters or injection methods, Such as optical

injection (see Umstadter '876) or the use of sharp density

gradients. Recent experiments have shown experimentally
that Thomson Scattering by Such a co-propagating electron
beam produces a collimated beam of high-order harmonics,
also in the direction of the laser light. Thomson Scattering

from counter-propagating relativistic electron beams (see
FIGS. 1 and 2) also results in a Doppler shift, which can

further up shift the energy of the scattered light well into the
X-ray region of the Spectrum. For example, electrons with
only 100-MeV energy can boost a 1-eV energy photon to 50
keV. This leads here to an all-optically driven “table-top”
hard X-ray Source, which is of interest not only as a probe
with atomic-Scale Spatial resolution, but also as a medical
diagnostic because of the large penetration of Such energetic
light through matter. The basic physical mechanism of the
invention is as shown in FIG. 1.

0.038 FIG. 2, a schematic in greater detail, shows that
laser light from a high power laser System 1 enters a vacuum
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chamber 13 through a glass window 14. Beam splitter 2
divides the beam into two beams. One goes to pulse com
preSSor 12 and the other to delay Stage 6 and then on to pulse
compressor 7. The pulse compressors are used to adjust the
pulse durations of the two laser beams. Both beams are then
focused to high laser intensities by off-axis parabolic mirrors

9 and 8. One beam (the pump beam) is focused into a

high-pressure gas jet 10 Such that a laser wakefield plasma
wave is driven to high amplitude, which then accelerates an

electron beam to megavolt (MeV) energy. The electron

beam is focused to a point that overlaps Spatially and
temporally with the counterpropagating laser beam focused
by off-axis parabolic mirror 8. Thomson scattering, which
occurs when the electron beam overlaps with the other

high-intensity laser beam (the Scattering beam), creates a
collimated X-ray beam, which propagates in the same direc
tion to the electron beam. If the electron beam is monoen

ergetic, then a narrow band X-ray spectrum can be produced.
A small hole in off-axis parabolic mirror 8 allows the X-ray
beam to pass through the mirror 8 to the exit port 16, leading
to the applications chamber. By translating the position of
the Scanning Stage 17, and thus mirror 15 and off-axis
parabolic mirror 8, the laser focus can be made to Spatially
aligned to the electron beam. Temporal overlap between the
laser beam and the electron beam is assured by translating
delay line 6.
0039. In the case where electron energy is reduced,
coherent radiation with Significant amplification over the
incoherent signal is generated by means of collective bunch
ing of the electrons. This is commonly referred to as the
free-electron lasing mechanism. An important feature of the
present invention is a method to produce a coherent beam of
Short-wavelength radiation through the FEL mechanism
with lasers acting as both the driver for the accelerator as
well as the wiggler or undulator.
0040. There exist other means to generate X-rays, such as
with Synchrotrons and conventional free-electron lasers

(FEL). They rely on conventional (radio-frequency) accel

erators to generate an electron beam, but because of their

low field gradients (0.1 MeV/cm), they are usually quite
large (tens to hundreds of meters in length). Long Sets of
magnets (tens of meters) are required to wiggle the elec
trons. Laser-Thomson Sources, by contrast, accelerate elec
trons in mm distances and the electrons are wiggled in a mm
long interaction region by the magnetic field of the laser
pulse.
0041. The preferred all-optical laser-driven source pro

vides better temporal resolution (femtoseconds instead of
tens of picoseconds). This is preferred over a short-pulse
X-ray FEL based on radio-frequency accelerators and mag
netostatic wigglers, because in each case this will require a
50-GeV energy electron beam conventionally accelerated in
a 3-km long tunnel to be passed through a 50-m long Set of
wiggler magnets. FELS do have the advantage over Thom
Son Sources in that the electrons become tightly bunched,
improving coherence and X-ray power. Because of their
Small footprint, laser-driven Thomson Sources and those
enhanced by FEL interactions will be much more affordable

(less than S1 Million), thus permitting their operation at

university, industrial and hospital labs. The all-optical laser
driven Source has a Sub-millimeter length accelerator and
wiggler. The reason that an accelerator and wiggler based on
lasers can be So much shorter than one based on a radio

US 2005/0147147 A1

frequency accelerator and a magnetostatic wiggler is that the
electromagnetic wiggler wavelength is micron instead of
centimeter, and consequently, the energy of the accelerator
only needs to be MeV instead of GeV to Doppler shift the
Scattered radiation to a given short wavelength. Also, the
length of a laser accelerator is four orders of magnitude
Shorter to achieve a given energy compared to a radio
frequency accelerator.
0042. The present invention's simulations and calcula
tions show that significant gain, on the order of 400 times,
is achieved by the FEL mechanism at the important wave
length of 13-nm EUV radiation for lithography if the energy
Spread of the accelerator is reduced to an easily achievable
value of a few percent. In the limit of Zero emittance, the

gain is 10°. The energy spread is reduced by one of several

methods: phased injection of electrons into the plasma wave
or magnetic filtering. The former can be accomplished by
means of either optical injection or by a plasma density
discontinuity. One feature of the present invention is a
method to achieve a plasma density discontinuity by driving
a shock in the gas jet, either with the collision of flows from
two different jets or one jet and a physical Stop to disrupt the
flow. Free-electron laser gain results when one of these
methods to reduce the electron energy spread were used in
the Scattering geometry shown in FIG. 2. At the very least,
the electron flux increases by one of these methods of
injection.

0.043. In a further feature, electron energy spread reduc
tion is achieved by means of magnetic filtering. Several
methods to reduce the energy spread by means of magnetic
filtering and focusing are also described herein. In all cases,
the electron beam is dispersed in energy by a dipole mag
netic field and focused. If the Scattering laser beam is
focused to overlap with the electron focus, but the electrons
are dispersed spatially at their focus, then the laser beam
interacts with only a narrow range of electron energies at any
particular focal position. If the position of the laser focus is
Scanned along the dispersion direction, then the energy of
the Scattered X-rays is varied, making this a tunable Source.
0044) For instance, in one embodiment of the invention,
a Sector electro magnet is used to both disperse and focus the
electrons, as shown in FIG. 3. Laser light from a high power
laser System 1 enters a vacuum chamber 13 through a glass
window 14. Beam splitter 2 divides the beam into two
beams. One goes to pulse compressor 12 and the other to
delay Stage 6 and then on to pulse compressor 7. The pulse
compressors are used to adjust the pulse durations of the two
laser beams. Both beams are then focused to high laser
intensities by off-axis parabolic mirrors 9 and 8.

0045 One beam (the pump beam) is focused into a

high-pressure gas jet 10 Such that a laser wakefield plasma
wave is driven to high amplitude, which then accelerates an

electron beam to megavolt (MeV) energy. The electron

beam is energy dispersed by Sector magnet 41 and focused
to a point that overlaps Spatially and temporally with the
counterpropagating laser beam focused by off-axis parabolic
mirror 8. Thomson scattering and those enhanced by FEL
interactions, which occurs when the monoenergetic electron

beam overlaps with the other high-intensity laser beam (the
Scattering beam), creates a collimated, coherent and
monoenergetic X-ray beam, which propagates in the oppo

Site direction to the laser beam. A Small hole in off-axis
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parabolic mirror 8 allows the X-ray beam to pass through the
mirror 8 to the exit port 16, leading to the applications
chamber. By translating the position of the Scanning Stage
17, and thus mirror 15 and off-axis parabolic mirror 8, the
laser focus can be made to Spatially overlap with different
regions of the electron beam, which contain different energy
components, thereby tuning the Scattered X-ray energy. Tem
poral overlap between the laser beam and the electron beam
is assured by translating delay line 6. While this has the
advantage of Simplicity, it unfortunately Suffers from the fact
that it provides focusing in only one dimension. Because
there is no vertical focusing, the number of electrons that
reach the interaction region will not be as high as it would
be in the case of focusing in both dimensions. Thus, a further
improvement is to add a quadrupole magnet 18 to focus the
beam in the one dimension that the Sector magnet does not,
as shown in FIG. 3. Alternatively, three quadrupole mag
nets, instead of a Single magnet, are arranged to follow a
Sector magnet to focus the beam.
0046 A further alternative arrangement is shown in FIG.
4, where the beam is focused and dispersed by means of
three quadrupole electromagnets followed by a dipole elec
tro-magnet. The electron beam Source is then imaged in both
dimensions to the Scattering laser beam's focal point. Laser
light from a high power laser System 1 enters a vacuum
chamber 13 through a glass window 14. Beam splitter 2
divides the beam into two beams. One goes to pulse com
preSSor 12 and the other to delay Stage 6 and then on to pulse
compressor 7. The pulse compressors are used to adjust the
pulse durations of the two laser beams. Both beams are then
focused to high laser intensities by off-axis parabolic mirrors

9 and 8. One beam (the pump beam) is focused into a

high-pressure gas jet 10 Such that a laser wakefield plasma
wave is driven to high amplitude, which then accelerates an

electron beam to megavolt (MeV) energy. The electron
magnets (a QQQD configuration), three quadrupole magnets

beam is energy dispersed and focused-by a combination of
18, 19, 20 and a dipole magnet 51-to a point that overlaps
Spatially and temporally with the counterpropagating laser
beam focused by off-axis parabolic mirror 8. Thomson
Scattering and those enhanced by FEL interactions, which
occurs when the monoenergetic electronbeam overlaps with

the other high-intensity laser beam (the Scattering beam),

creates a collimated, coherent and monoenergetic X-ray
beam, which propagates in the opposite direction to the laser
beam. A small hole in off-axis parabolic mirror 8 allows the
X-ray beam to pass through the mirror 8 to the exit port 16,
leading to the applications chamber. By translating the
position of the Scanning Stage 17, and thus mirror 15 and
off-axis parabolic mirror 8, the laser focus can be made to
Spatially overlap with different regions of the electron beam,
which contain different energy components, thereby tuning
the Scattered X-ray energy. Temporal overlap between the
laser beam and the electron beam is assured by translating
delay line 6.
0047 A different exemplary magnetic configuration

(DQDQQ) (41, 18, 61, 19, 20) for reducing the energy
Spread of, and imaging, the electrons is known as U.S. Pat.

No. 5,198,674 (Underwood) and is shown in FIG. 5.
0048. With any of the chromatic magnetic filtering sys
tems described above, electrons with slightly different
energy ranges are focused to slightly different Spatial loca
tions. They are undulated Separately and Simultaneously,
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during the same duty cycle of the laser, to generate electro
magnetic radiation with different wavelengths. This is a
convenient feature when Several different wavelengths are
used for different applications simultaneously or for the
Same application; for instance, for improved contrast imag
ing when one wavelength is above and one is below an
atomic absorption edge.
0049. In all cases, the angle of incidence of the scattering
laser beam is able to be varied with respect to the direction
of propagation of the electron beam, providing another
independent parameter with which to meet the phase match
ing requirements.
0050. In yet another aspect, the present invention pro
vides an oscillator-amplifier configuration and a method to
increase the absolute amplified power and coherence of the
X-ray beam, which is an optical analogue to a travelling
wave tube with distributed gain. Here, the same principles
discussed above are used to create amplified gain, called the
amplifier, but rather than amplify a signal Spontaneously
from the level of noise, the amplifier is Seeded with a signal
generated by an "oscillator.” This injected Signal could be
either incoherent or coherent radiation that is generated in a
gas jet. In the former case, it could be incoherent Thomson
Scattering, and in the latter case, it could be coherent
harmonics generated from bound electrons in either gases or

clusters interacting with low-intensity laser light (below the
ionization threshold). For instance, the ninth harmonic of the

800 nm light could easily produce 90-nm wavelength light,
which is of interest for EUV lithography. By varying the
wavelength of the fundamental frequency of the driver, the
wavelength of the harmonic can be varied. Injecting Seed
radiation will increase the final amplified signal as well as
the coherence of the light. FIGS. 6, 7 and 8 show schematics
of various arrangements for Seeding the amplifier.
0051. In the schematic of the oscillator-amplifier configu
ration, shown in FIG. 6, the components are mostly the
same as those shown in FIG. 4, except that another syn
chronized laser beam has been added, a harmonics pump
laser beam 72, which is split off with a beam splitter and
independently delayed by a delay line in Similar fashion to
the amplifier pump beam 71. The optics used to split the
beam and delay it, along with those used to do the same for

radiation. By locating the undulator region close in proxim
ity to the Source of the Seed radiation, the intensity of the
latter is not reduced by divergence that is caused by diffrac
tion. The Seed radiation could be produced by harmonic or
continuum emission in gases, clusters or plasmas.
0054. In still another aspect, the present invention pro
vides multi-amplifier configuration. In a dual amplifier, the
output of the first amplifier is amplified again by a Second
amplifier, as shown in FIG. 9. The X-ray signal is trans
ported between amplifiers, or between the Seed Source and
the first amplifier, by means of X-ray optics, Such as Zone
plates, curved mirrors or poly-capillary fiber array
waveguides. Shown in FIG. 9 is the Seed Stage, comprising
the Seeding pump laser 72, producing a Seed pulse from gas
jet 22, which is amplified by the electron beam that comes
from the left of, and passes through a hole in, parabolic
mirror 81, and is focused to the amplifier region, just to the
right of 22. Amplifier pump beam 73 is focused to the same
location, amplifying the Seed pulse. The amplified radiation
pulse then is transported through the hole in parabola 8 to the
Second amplifier region, at the focus of the Second amplifier
pump beam 80, which is focused by parabola 91. The
electron beam that is generated in gas jet 94 by the Second
stage electron pump laser 95 and filtered by the DODOO

magnets (92, 98, 93, 99, and 97) is focused to the same
location as pump beam 80 and the radiation from the first
amplifier. The radiation amplified by the Second amplifier is
transported to the right, through the hole in parabola 91, to
the application region.
0055 Electromagnetic radiation can be generated both at
the fundamental wavelength, as described above, as well as
the harmonics of the radiation. The harmonics are generated
at Several different wavelengths, Separated by multiples of a
fixed amounts, during undulation due to nonlinear interac
tion. These harmonics produce shorter wavelength radiation
for a given electron energy than would the generation of the
fundamental alone. The harmonic content increases with the

wiggler field Strength. This trend does not continue beyond
to a certain point for values of the normalized vector
potential above a few. This is an alternative means to the
Doppler shift of generating Shorter wavelength radiation.
0056. The ideal pump laser systems are high average

the other two laser beams from FIG. 4 are not shown. This

power (10-1000 W) solid-state laser-pumped or diode

beam is focused to a gas jet 22 by a parabolic mirror 81 with

pumped lasers. An example of the former would be a
frequency doubled YAG-pumped Ti:sapphire System oper
ating at 1-100 Hz duty cycle, 30-1000-fs pulse duration,
10-100-TW peak power, 1-1000 joules of energy per pulse,
and 800-nanometer wavelength. Alternatively, a diode
pumped or Alexandrite-pumped amplifier composed of
Yb:FSA or Yb: Glass or Yb:YAG. Last, gas lasers, such as

a hole in it, through which the electron beam (coming from
51) passes. The Seed pulse of radiation, from the gas jet (22),

seeds the amplifier. The same QQQD configuration of FIG.
4 is used to reduce the energy Spread of the electrons, but

only the dipole magnet (51) is shown.
0.052 FIG. 8 show an oscillator amplifier just like FIG.

6 except that the DODOO configuration of FIG. 5 is used to
filter the electron energy, instead of the DQQQ of FIG. 4. In
FIG. 8, the electron beam leaving the laser magnet of the
filtering Section, in this case the quadropole 20, is focused to
the undulator region to the right of gas jet 22, where also the
Seed radiation and the amplifier pump radiation 73 are
focused.

0053 FIG. 7 shows an enlarged version of the seed
generation and amplifiersections from FIG. 6. It can be seen
that the amplifier pump laser 73 is focused to the undulator
region, just to the right of the target, which in this case is a
gas jet 22 that provides the medium used to produce the Seed

CO, lasers, that produce short pulses by means of optical

Switching are usable in and System of the invention. In any
case, the laser system might be built for less than S1 Million

and fit into a room that is only 25 m.

0057 Such large gains may allow the invention to be
used in conjunction with a high-power laser to achieve
sufficient power in the EUV spectral region to be suitable for
EUV lithography.
0.058 For instance, 40 W at 13.5 nm, the current design
goal for EUV lithography, is reachable with a 1.1 kW laser
System pumping a laser-driven FEL operating with the
maximum theoretical conversion efficiency from optical to
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0063 Xp (c)/s) is the longitudinal plasma susceptibility

X-ray radiation, which is the Saturation efficiency of the
amplifier, 3.6%. To avoid the problems associated with the
beam's coherence for lithography applications, Standard
techniques to decohere the beam, Such as random phase
plates, is employed. Another advantage of the laser-driven
Thomson Source as compared with current Sources based on
Xenon clusterS is that debris is eliminated because the target
that generates electron beam is well Separated from both the
region where the XUV radiation is generated and thus where
the expensive XUV optics are located. The electron beam
that propagates in the direction of the XUV radiation is able
to be deflected with a simple dipole magnet. It should be

tion of the electron beam and V is the electron longitudinal
Velocity component. Kis the coupling parameter. In the case
of the free electron and laser interaction, the coupling

noted that with current Sources based on Xenon clusters 40%

factor), which we assume to be 1 in the calculations just to

of the laser energy goes to energetic ions that are more
difficult to deflect and can contaminate the expensive X-ray
optics. Moreover, with the present method, the XUV radia
tion is produced in a narrow beam rather than into a Solid

angle of sin (0), as in the case of current Sources based on

Xenon clusters; thus the radiation can be transported to the
XUV collection optics without significant loss of power.
0059 Further reductions in the energy spread will allow
gain in the X-ray region for use in protein Structural analysis
by means of X-ray diffraction. The increased coherence from
Seeding should make this Source as bright and coherent as
the much larger and more expensive Synchrotrons. For
protein Structural analysis with proteins that can be crystal

lized, 10' x-ray photons at or below 1 nm wavelength are
efficiency of only 10, assuming 10-J energy in the pump

required and are produced in a single shot with a conversion
lasers. AS discussed below, Such conversion efficiencies are

easily attained. It is also shown that the most demanding

requirements on the X-ray brightness (10" photons/
mm mrad's 0.1% BW) for microcrystal data measure

ments with Small mosaic spreads are able to be met with a
laser-based FEL. The high peak power of the Source has an
important advantage over conventional Sources-Such as Syn
chrotrons, which have high average power but low peak
power-because radiation damage of the protein and Sur
rounding media favors the acquisition of the data in a single
shot. Furthermore, the short X-ray pulse duration provided
by this FEL prevents the blurring that is due to the heating
asSociated with the absorption of radiation.
0060 Several features are determined by using a 1-D
analysis, showing that the laser and free electron interaction
generates coherent XUV radiation. The simulation is based

on: (1) the filling factor is one that is the electron beam and
the laser beam completely overlap with each other; and (2)

the laser beam is approximated by a Square pulse.
0061 Thus, the present analysis in one aspect is based on
Gover's work. By way of background, refer to Gover, IEEE
Journal of Quantum Electronics, Vol. QE-17, No. 3, July
1981, incorporated herein by reference in its entirety. The
present analysis is developed immediately below and
assumes a Square uniform energy distribution and deter
mines the longitudinal plasma Susceptibility of the electron
beam propagating in the free Space, which leads to deter
mination of the collective gain in the free electron and laser
interactions. This is a simple 1-D model and the inclusion of
the transverse emittance is included.

0.062 Gain Theory-Based on Gover, it was found that
the Laplace transformation of the collective gain is given by
Equations (1) and (2).

of an electron-beam propagating in the free Space. It is

defined by Equation (3).

0064 g' is the canonical momentum distribution func

parameter is given by Gover as per Equation (4).

0065) A is the electron-beam cross section area. As is the
Together, A/A is defined as “relative power” factor (filling

effective croSS Section area of the electromagnetic mode.

Simply the situation.
0066 According to Gover, the susceptibility function

X(c)/s) (Equation (3)) can be defined by more familiar

functions and parameters. The distribution function g'(p)

can be expressed by normalized distribution function of a

Single variable. See Equation (5).
0067 no is the electron density, p is the longitudinal
momentum spread and po is the average electron momen

tum in the longitudinal direction. See Equation (6).
0068. P is the amplitude of the quiver momentum along
the transverse direction. The axial average Velocity can be

calculated using Vo-po/(You). And Yo, can be calculated
using the formula as per Equation (7).
0069. Therefore, the plasma susceptibility can be re
written as per Equations 8-13.
0070 Eth is the longitudinal kinetic energy spread of the
electron beam.

0071 Usually the Maxmillian distribution is used to
approximate the real electron distribution. In that case, we
will have to Solve a transcendental fourth polynomial equa
tion, which means we have four waves not three. To simplify
the calculation, we instead use a Square distribution and
make the calculation easier.

0072) Obtaining the electron beam susceptibility, the

Laplace transformation of the gain will be given by the
gain-dispersion relation (Equation (1)). When a(s) is inverse,
Laplace transformed, the power gain will be given by
Equation (14).
0073. The operating wavelength is determined when the
denominator in Equation (1) vanishes, which is also called

the “dispersion equation.”
0074 Plasma Susceptibility Of The Electron Beam With
A Square Distribution-ASSume the normalized longitudi
nal momentum spread as a Square uniform distribution; i.e.,

as per Equations (15) and then (16) and (17) pertain. Use the
fact that X-X = 1. Substitute G() and S+iko into Equation
(8) and Equation (18) pertains where r=v/vo, is defined

in Equation (10), () is defined by Equation (12) and v', is

defined in Equation (13).
0075) Further use definitions from Gover, as per Equa
tions (19)-(22).
0076 By using these definitions, Equations (23) and (24)
result.

0077 Substitute Equations (23) and Equation (24) into
Equation (8) and Equation (25) results.
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0078. Once the electron beam susceptibility is obtained,
plug Equation (25) into Equation (1) to get the Laplace
transformation of the amplitude gain as per Equation (26).

Then Equations (27) and (28) result, where Q=k0. To get

the real gain, carry out the inverse Laplace transformation.
This can actually be completed by using Fourier transfor

mation. See Equation (29). However, this could also be done
by using the residue theorem. This will give Equation (39),

where A are the residues of Equation (27). Note that all the

above derivations () shall be replaced by ()-(), where () is
the laser's frequency. This is just a matter of notations used
by Gover.
0079. Numerical Solutions-In order to do this, it is
necessary to consider the kinematics of the electrons in the
laser field. The electrons quivering momentum along the
transverse direction is approximated by eEo/c)o, and use

Equation (6) to calculate the average longitudinal momen
tum, which will further be used to calculate the Yo. Here, use
an alternative way to do this and still follow the definitions
of Gover. The average longitudinal momentum po of an
electron with an initial Velocity of Bo can be directly given
by Equations (31) and (32), wherein the overheadbar means
the average along one electron motion period and Y in the
initial relativity factor before the electron enters the inter
action region with a Velocity of ?o. The longitudinal aver
age Velocity is then calculated using the relation Voi=po/
(Y), which will be used again the calculate Yousing the

definition Yo-(1-?3fo)'.

0080. The X and X in the previous part are yet to be
determined. This can be done by finding out the high
momentum and low momentum of the electron beam with a

longitudinal kinetic energy spread of E.
0081. In the limit of the Zero energy spread and Zero
emittance, to estimate the maximum radiative energy extrac
tion efficiency, use Equations (33) and (34), where Ök is the
pole of the dispersion relation.

0082) Experimental data shows that up to 1.36x10'
electrons/MeV/Sr can be accelerated with energy 2 MeV/sr
using a 50-TW laser with 1-ps pulse duration. In a separate

experiment, 9.7x10 electrons/MeV/Sr were produced using
a 10-TW power laser with 0.4-ps pulse duration. Lastly,
9.13x10/MeV were reported using a 30-TW power laser
with 0.03-ps pulse duration. Using the best result, 1.36.10'
electrons/MeV/Steradian and assuming a 1 Steradian diver
gence angle, then there are 5x10 electrons in a 1-% energy

bandwidth. Note that 1% conversion efficiency, from laser
energy to electron energy, has been reported recently from
thin-film Solid target experiments. AS discussed above, those
electrons with energies outside of this 1-7% energy band
width can easily be filtered out by means of magnets.
0.083 Listed in the Table 1 are the laser and electron

beam parameters (conservatively assuming 10 electrons in
a 1 pS pulse focused to a 10-um spot), and assuming the

electron beam has Zero energy spread and transverse emit
tance.

0084. Because the electrons get bunched, and therefore
emit coherent radiation, the power gain of the radiation after
the interaction is exponential as show in FIG. 10. From
FIG. 10, the x-axis shows that the largest gain is designed
at around 74 times the laser frequency, which means it lases
at a wavelength of 13.5 nm.

0085. A more practical example is when the beam has
finite energy spread and emittance. First, consider the Single
particle calculation or incoherent Thomson Scattering. To
Simplify the analysis, consider only the first harmonic of the
Doppler-shifted frequency. Because normalized vector
potential of the laser field, a, is around 1, the linear effects
dominate and therefore the assumption is justified. If the

electron bunch has 10° particles and they follow a Gaussian

distribution with an average energy of E=2.21 MeV and a
standard deviation of O=Ex1.5%/2 so that 95% of the
electrons will fall into the 3% energy spread, a Spectrum that
peaks around 13.5 nm is achieved, as in FIG. 11. The laser
wavelength used here is 1 lum. When finite number of laser
optical period is considered, there is another broadening
effect of 1/N that should be included, where N is the number

of optical cycles.
0086 Turning to the collective gain, Table 2 gives the
beam parameters. By assuming a Square longitudinal energy
Spread, the impact of the longitudinal energy spread on the
collective gain is derived.
0087. Because the collective gain theory used is an 1-D
model, it can not Systematically include and transverse

emittance into the calculation. However, the transverse

emittance is converted into the longitudinal energy spread
and treated the same way as is done for the original kinetic
energy spread, by adding these two spreads quadratically.
FIG. 12 gives the gain curve using the parameters in Table
2. It shows that even with a relatively high energy spread and
high transverse emittance, reasonable gain in the XUV
regime is achieved.
0088 To compare the current calculations with the con
ventional light Sources, one needs to estimate the brightness
for both the incoherent and coherent radiations. Brightness

or brilliance is usually defined as shown in Equation (101).
0089. The spectral flux is the number of photons per unit
time in a given bandwidth as shown in Equation (102) where
I is the electron beam current, (ACD/co) is usually taken as
0.1% and needs to be << 1/N. For a gaussian beam, the
transverse phase Space area is given in Equation (103) where
certain parameters of Equation (103) are as in Equations
(104)-(107). The brightness becomes as represented by B in
Equation (8) and the unit of the brightness is: # of photons/

(mm°.mrads:0.1% BW).
0090 Then, the parameters listed in Table 2 are to esti
mate the brightness of the incoherent radiation and the
results are shown in Table 3.

0091 To calculate I/e, Equation (109) is used. The analy
sis also used the fact that for the incoherent radiation the

transverse phase Space is predominantly given by the elec
tron beam's emittance.

0092. However, given the obtaining of the coherent radia
tion, the brightness can be greatly enhanced by two factors:
0093 Transverse Coherence-Because the electron
beam is now completely coherent transversely, the phase

space will be given, in this case, mostly by (01/41). For the

radiation at W=13 nm, compared to the incoherent case, this

will give an increase factor as per Equation (110).
0094) Temporal Coherence-AS shown before, because
the electron beam is bunched, all electron emit coherently.
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This is the usual factor of N'. Using the number given by
the collective effects as in FIG. 12, it will give another
increase factor of 400.

0.095 Relative to the Saturation efficiency, to estimate the
maximum radiative energy extraction efficiency, we use

Equation (111), where m is defined as in Equation (112). For

the case listed in Table 1, the maximum Saturation efficiency,

according to Equation (111), is 0.61%. For another wave

length of interest in lithography, 90 nm, it is 1.65%. With the
tapering of the wiggler, the Saturation efficiency of an FEL
can be increased to 3.5%. Here, the same is done by using
a chirped laser pulse for the amplifier pump. By doing So, a
similar efficiency, 3.5%, is achievable with a laser-based

wiggler. For mo=10 electrons per bunch, the maximum

photon energy is extracted from this amplification process,

assuming is mo–0.61%, and per Equation (113). If the
number of electrons within the requisite 1% energy range is

5x10, which has already been achieved experimentally,
then E=10 J. This corresponds to a conversion efficiency
from laser energy to XUV energy (m) of m=4x10", since

25 J of laser energy was used to produce the electron beam.
Another important application of a table-top FEL is for
metrology or microScopy, the requirements of which are
much less Stringent than those of lithography. In this case, a
lower power coherent Source of X-rays is required in order
to characterize the nanometer Scale features that are created

either by lithography or by any of the other means being
used in the field of nanotechnology. The laser, electron beam
and X-ray parameters required for such a device can be met
with current technology. An example Set of parameters for
this application are given in Table 4.
0.096 Note that a seed pulse of 13 nm wavelength is able
to be generated by means of harmonic generation in clusters

with an efficiency of ~10", although it is unclear what is the

angular distribution of this radiation. Thus, even though the
calculated gains given in the above examples, even in the
case of finite electron beam energy Spread and emittance, are
Sufficient to amplify a Seed pulse to the level of the Satura
tion efficiency of the amplifier, 0.54%, what limits the
conversion efficiency to well below that limit is the rela
tively low energy Stored in the electron beam, within the
requisite energy bandwidth, as can be seen from Equation

(113).
0097. In order to increase the energy stored in the elec
tron beam, either the electron energy or the electron number
needs to be increased. In the former case, a longer wave
length laser wiggler is required in order to reach a given final

X-ray wavelength, because of the Y-scaling of the latter. For

instance, the same given X-ray wavelength can be produced
either by using a 10-um-wavelength CO laser for the
wiggler or a 1-um-wavelength glass-laser wiggler but with
an electron-beam energy that is ten-times lower. The final
energy of the X-ray beam is correspondingly ten-times larger
in the former case. The Stored energy is able to be increased
even further, by another factor of ten, if a magnetostatic
wiggler of mm wavelength were used with a 200-MeV
energy laser-accelerated electron beam. In the case of a
magnetostatic wiggler 200, shown in FIG. 13, the magnetic
field 210 is pointed in a direction perpendicular to the
motion of the electrons 220 but alternates in direction along
the direction of the electron motion. The line designated as
230 represents electron motion that would occur without
undulation or represents the average motion with undula
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tion. From the Vantage point of a relativistic electron, this
appears equivalent to an oncoming electromagnetic wave,
and thus all of the descriptions given earlier apply. The only
important difference is that the wavelength is longer and So
the same given X-ray radiation wavelength can be generated
from a magnetostatic wiggler as from a laser wiggler, but
from an electrom beam with a higher electron energy.
0098. The number of electrons in a picosecond pulse
might be increased-by operating at a higher plasma den

sity-to the Alfven current (17By kA), which corresponds to

10' electrons in 1 ps. This corresponds to m=2x10 if all

the electrons were put in the correct energy range by Some
form of injection, for instance. That is, in order to increase
the number of electrons even further, the electron pulse
duration would need to be increased. For XUV lithography,
this conversion efficiency is comparable to Xenon-cluster
based Systems, which are expected to operate with an
efficiency of 0.3%, when the difference between the solid
angle of the emission and that Subtended by the condenser
lens is taken into consideration. With this conversion effi

ciency, a laser power 23 kW is required to deliver 70 W of
inband power on the condenser lens. This is still an order of
magnitude below the highest theoretical Single-stage Satu
ration efficiency for the FEL, 3.5%.
0099 Such a high number of MeV-energy electrons per
shot have been accelerated in experiments with a petawatt

peak-power laser incident on a solid-target, 1-mm Au:

2.5x10 electrons/shot in a beam with a temperature of 4

MeV or 2/Sx10/MeV/shot. Given that 4.7x10° of these
electrons are put in a 1% energy range, but otherwise have
ideal emittance properties, then an example Set of param
eters meeting the power requirements for lithography cor
responds to this values as shown in Table 5. If the number
of electrons were further reduced by a factor often, then the
repetition rate would need to be increased by the same factor
in order to achieve the Same final X-ray power. Since the
laser in this case had an energy of 500 J, this corresponds to
an average power of 500 kW. It should be noted that this
experiment was not done in an optimized parameter regime;
if it were, a factor-of-ten reduction in the required laser

power (to 50 kW) would be expected to result.
0100. The relative compactness of laser-driven electrons

accelerators and wigglers, compared with their conventional
counterparts, renders them Suitable for a new generation of
free electron lasers. Here are shown various means of

reducing the energy spread of laser-driven electron beams in
order to enable their use for this purpose. The Scaling of the
conversion efficiency with various electron-beam param
eters for X-ray wavelengths that are relevant to Several
important applications have been analyzed and demon
Strated. Generally Speaking, the current limitation on the
achievable conversion efficiency, to levels well below the
highest theoretical Single-stage Saturation efficiency for the
FEL, m-m-3.5%, originates from the relatively low
energy, within a narrow energy range, that is Stored in
current laser-driven electron beams. For the purpose of XUV
lithography, the efficiency of a laser-driven FEL could, with
improvements, rival that of Xenon cluster Sources, m=0.3%,
while eliminating the debris problem. Such improvements
include injection of electrons into the laser-driven plasma
waves, longer electron pulses, or the use of laser driven
arc-discharge Sources. For more advanced lithography using
1-nm X-rays, the all-laser-driven FEL, even with existing
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electron beam parameters, are thought to be able to produce
much higher efficiency than any other compact Source.
0101 Those skilled in the art will appreciate the follow
ing variations within the Scope of the invention for optimi
Zation of various features as described immediately below.
0102 Optimization of the spatial and temporal overlap of
the various laser and electron beams by: other magnetic field
configurations for focusing and dispersion, feedback control
of the laser or electron focusing optics combined with
electron- and laser-beam position detectors, electroStatic
and/or magnetostatic electronbeam focusing, imaging of the
Spatial overlap by use of Thomson Scattering, passing the
beams through a pinhole; interference from a thin glass

Slide; ionization defocusing in a gas; nonlinear (two-photon)
effects in optical media, Such as harmonic generation;
Schleiren photography; and/or imaging Thomson Scattering
produced by Separate laser beams in a gas jet or back-filled
chamber.

0103 Optimization of the focus of either the pump or the
Scattering laser foci by focusing with a deformable mirror.
0104 Optimization of the wiggler laser beam by: inde
pendent variation of the parameters of the various laser
pulses, Synchronization of independent laser Systems, with
different parameters, e.g., one laser for the production of the
Scattering beam, a separate laser for the electron beam
generation and another laser for the harmonic generation;
use of chirped laser pulses; and/or replace laser wiggler with
magnetostatic Wiggler.
0105 Optimization of the electron beam parameters by:
Seeding of the density perturbation of the electron beam by
variation of the plasma density and thus plasma-wave wave
length; pre-bunching the electron beam; variation of the
gas-jet nozzle orifice; use Slit gas jet, replace gas jet with
thin-film Solid target, using either front- or rear-Side electron
emission; replace gas jet with gas-filled capillary; replace or
enhance accelerator with laser-triggered direct-current
MarX-bank capacitive arc-discharge, replace gas jet with an
accelerator based on the generation of electrons beams in a
dense gas with a dielectric-barrier-discharge-based cathode;
replace gas jet with capillary tube discharge, replace gas jet
with preformed plasma from ablated Solid target; variation
of the electron beam energy; dual gas jet or gas jet Stop to
create a plasma density discontinuity to inject electrons,
variation of the target density; variation of the target ele
ment; variation of the composite gas or Solid; variation of the
laser wavelength, pulse duration, chirp, contrast, energy,
focal Spot size; electron beam focusing by means of elec
troStatic lenses, optical injection; reduction of the electron
beam emittance by means of laser Scattering and radiative
damping caused by the interaction of the beam with a
Separate laser beam, or by emittance Selector; introduction of
a correlated chirp on the electron beam and the use of
chicane magnetostatic System in order to adjust its pulse
duration; and/or increase of the repetition rate.
0106 Optimization of the plasma wave by seeding of the
plasma wave with another laser pulse shifted in frequency
by: the plasma frequency, or replace Single-pulse laser
Wakefield with a two-pulse laser beat-wave accelerator;
optimization of the pulse duration of the pump laser beam by

multiple laser pulses (RLPA); chirped laser pulses; and/or

prescribed pre-pulse by variation of laser contrast.

0107 Optimization of seed pulse by quasi phase match
ing by periodic plasma density modulation and/or quasi
phase matching by periodic capillary Structure modulation.
0.108 Optimization of pump lasers by use of a pulse
Stacker to lengthen the duration of the laser pulse on target
and/or generation of shorter pump wavelengths of any of the
pump lasers by means of harmonic generation in a nonlinear
medium, Such as a YAG crystal, using gas amplifiers, Such
as Excimer or Carbon-dioxide, or using chemical laser.
0109 Even with existing electron-beam parameters, a
laser-driven FEL, according to the invention, provides levels
of brightness, coherence and collimation that are Sufficient
for protein Structural analysis or nano-Scale metrology and
microScopy, and are comparable to, or exceed, those of third
generation Synchrotrons, while being far more compact and
affordable. Unlike synchrotrons, they also have the potential
to produce a Sufficient number of X-rays in a Single pulse,
with a duration that is short enough, for the analysis of the
protein structure before it is distorted by the absorption of
radiation. Additionally, they are unique in being absolutely
Synchronized with a laser pulse, and thus can be used to
Study protein dynamics without jitter. Last, their Superior
coherence properties leads to better phase information,
which correspondingly leads to improved interpretation of
protein Structure.
0110. The description of the invention is merely exem
plary in nature and, thus, variations that do not depart from
the gist of the invention are intended to be within the Scope
of the invention. Such variations are not to be regarded as a
departure from the Spirit and Scope of the invention.
Tables 1-3
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TABLE 1.

Collective effects at different lasing wavelengthes with

electron's number density of 1.0 x 10"/m'.

Radiation Wavelength
90 nm.

Beam
Prop-

Energy (MeV)
Energy spread

erties

Beam current (A)
Emittance (m. rad)
#/bunch
Bunch length (um)
Beam radius (um)
Number density

Gain

Seeding (W)

(#/m)

Param- Efficiency
eters

Saturation power

(MW)

Gain
Saturation

13.5 nm.

0.575
O
3.4 x 10?
O
4.7 x 10'
6OO
50
1.0 x 10'

3.8 x 102
O
4.7 x 10'
6OO
50
1.0 x 10'

9.450
O
3.8 x 102
O
4.7 x 10
6OO
50
1.0 x 10'

2O
O.16%

2O
O.O6%

2O
O.O.3%

O.32

0.52

1.03

159
137

2.240
O

1 nm.

260
4O1

516
2525

length (um)
Avg.
Repetition rate (Hz)
Param- Avg. power (mW)
eters

1OOO
O.64

1OOO
1.04

1OOO
2.06
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0112
TABLE 4-continued
TABLE 2

Laser-driven FEL parameters for a metrology or crystallography
source, assuming current electron-beam emittance.

Collective effects at different lasing wavelengthes with

electron's number density of 1.0 x 10'm.

90 nm.

Radiation Wavelength
Beam
Properties

Energy (MeV)
Energy spread
Beam

90 mm

13.5 nm.

1 nm.

O.590
O
3.4 x 10'

2.240
O
3.8 x 10'

9.450
O
3.8 x 10

O

O

O

Avg.
Parameters

Repetition rate (Hz)
Avg. power (uW)

(m rad)

#/bunch

4.7 x 102

Bunch

4.7 x 102

4.7 x 102

6OO

6OO

6OO

50

50

50

length (um)
Beam

radius (um)
Number
density

1.0 x 102

Seeding (W)

Parameters

2O

1.65%

O.54%

O.13%

3.30

4.57

4.83

1.7 x 10

2.4 x 10

2.4 x 10

32

89

Saturation

length
(um)

328

90 mm

Beam

Energy (MeV)

Properties

Energy spread

1OOO

rate (Hz)

Avg. power

1OOO

6.60

0.575

2.240

1%

9.450

1%

3.8 x 10° 3.8 x 10° 3.8 x 10

(#/m)

Gain

Seeding (W)

Parameters

Efficiency

19
11.9%

19
3.1%

19
O.67%

2.6

2.6

2.4

Gain

-1011

-1011

Saturation

-12

-31

-110

1000
52

1OOO
52

1OOO
48

power (TW)

9.66

(W)

1 mm

Emittance (m. rad)
O
O
O
#/bunch
4.7 x 102 4.7 x 102 4.7 x 102
Bunch length (um)
6OO
6OO
6OO
Beam radius (um)
50
50
50
Number density
1.0 x 102 1.0 x 102 1.0 x 102

1OOO

9.14

13.5 nm

1%

Saturation

Repetition

1O
48O

Laser-driven FEL parameters for various lasing wavelengths
of interest for lithography, assuming ideal electron-beam emittance.

2O

Efficiency

(GW)

Parameters

2O

Saturation
power

Gain

Avg.

1.0 x 102

1O
52O

TABLE 5

Beam current (A)

(#/mi)

Gain

1.0 x 102

1O
52O

1 mm

0115)

current (A)
Emittance

13.5 nm

-1011

length (um)
Avg.
Parameters

Repetition rate (Hz)
Avg. power (W)

0113)
Equations 1-15

TABLE 3

0116

Brightness for the incoherent source
N

1OO

I/e(#/s)
e(mm mrad)
B

2.36 x 10’’
1.
4.36 x 107

a(S) =

1 + (w, S + iko) fe
acO)
(S - iko)1 + (w, S + iko) fe-ik (w, S + iko) fe

(w, S + iko) = Y(w, S + iko).
Tables 4-5

Y, (W, S)

0114

e2
--

i?

& Ög'(p.,
a (0)
-

1 feFo

(2)

py, p.)f 6 p. dpal p

S - iwif V.

(1)

pa?t py dip.
(Ep.

y. A

3
(3)

(4)

TABLE 4

k = 3)
a- ) (1 + fo.) 6 Ag A.

Laser-driven FEL parameters for a metrology or crystallography
Source, assuming current electron-beam emittance.

g'(p.) = ?--& g"(p., py, p.)d pad py
= Path
* g(P.P:thp.)

(5)

Po. = w pi-p6..

(6)6

yo
yo = - E.

7
(7)

90 mm

Beam

Energy (MeV)

Properties

Energy spread
Beam current (A)
Emittance (m. rad)
#/bunch
Bunch length (um)
Beam radius (um)

Gain

Parameters

0.575

13.5 nm

2.240

1 nm.

9.450

1%
1%
1%
3.8 x 107 3.8 x 107 3.8 x 107
O
O
O
4.7 x 10° 4.7 x 10° 4.7 x 10
6OO
6OO
6OO
50
50
50

Number density (#/m) 1.0 x 10' 1.0 x 10' 1.0 x 10'
Seeding (W)

19
Efficiency
11.9%
Saturation power (TW)
2.6
Gain
-10°

Saturation length (um)

~12

19
3.1%
2.6
-10°

-31

19
O.67%
2.4
-10°

-110

W 1 + (po, /mc)
(w, S)fe = 2 kic
2. ()

(8)

--&

(9)

G() = ?-s 39
as
X -4

9

Jul. 7, 2005

US 2005/0147147 A1
12

first Stage of undulating is added to a Second Stage of
undulating comprising the undulating of the Second group of

-continued
1

O ~ 4. 21 L

1
Oy

(

106

)

(107)

L

a N(Ife) (Awf w)

(108)

47°), X, X,Xy
ife = JS

(109)

free electrons.

9. A method of claim 1, wherein said undulating is
accomplished by an electromagnetic laser wiggler.
10. A method of claim 1, wherein said undulating is
accomplished by a magnetostatic undulator.
11. A method of claim 1, wherein Said Selecting is
accomplished by magnetic filtering.
12. A method of claim 11, wherein Said magnetic filtering
is accompanied by refocusing of the electron beam to the
undulation Zone.

8

= n vitri
- 1024x3x 108 xitx (5 x 106)
= 2.36x 10' + ( s.
e2
1x10'x (47t)?
3
(1 f47) 5 s - (13 x 10-9) - s 6 x 10;

f. 2

-1 vs.

110 = a 6.1 + yo' it,
i = Reok - 6.

Ephoton = none eV beam

(110)

(111)
(112)

(113)

= 0.6% x 10' x 1.6 x 10'x 2.2 x 10°
= 2.1 x 10.J.

What is claimed is:

1. A method for generating electromagnetic radiation
comprising: producing free electrons, Selecting from Said
free electrons a group of electrons having a reduced energy
Spread; and undulating the group of free electrons with an
undulator in an undulation Zone, Said undulator having an
intensity Sufficient to cause the emission of radiation from
the group of electrons and causing the electron radiation to
interact with radiation from the undulator to bunch the group
of electrons, whereby Such bunching generates further emis
Sion of radiation.

2. A method of claim 1, wherein Said producing of free
electrons includes accelerating free electrons by means of an
electron beam in a plasma.
3. A method of claim 1, wherein Said producing of free
electrons includes accelerating free electrons in a plasma.
4. A method of claim 1, wherein Said producing of free
electrons includes accelerating free electrons by means of a
laser in a plasma.
5. A method of claim 4, wherein the accelerating is
accomplished at least in part by a plasma wakefield.
6. A method of claim 5, wherein the accelerating is

assisted by a direct-current (DC) electric field.
7. A method of claim 1, wherein before said undulating,
a beam of at least one pulse of electromagnetic radiation is
produced; and wherein Said free electrons and pulse of
electromagnetic radiation coincide during Said undulating to
further enhance emission of radiation.

8. A method of claim 7, wherein Said undulating consti
tutes a first Stage of undulating for Said group of free
electrons that is a first group of free electrons, a Second
group of free electrons is produced; and radiation from Said

13. A method of claim 1, wherein Said Selecting is
accomplished by preferentially accelerating those electrons
having a narrow energy range in Said group of electrons.
14. A method of claim 13, wherein said preferential
acceleration is accomplished by means of optical injection,
comprising generating a plasma and introducing additional
laser pulses in the plasma.
15. A method of claim 14, wherein said preferential
acceleration is accomplished by means of a sharp density
discontinuity within the plasma.
16. A method of claim 13, wherein said preferential
acceleration is accomplished by means of multistage accel
eration, comprising further accelerating Said first group of
accelerated electrons.

17. A method to lithographically pattern a Substrate com
prising generating electromagnetic radiation by the method
of claim 1 and directing Said radiation to the Substrate.
18. A method to lithographically pattern a Substrate com
prising generating electromagnetic radiation by the method
of claim 1 and directing Said radiation to a mask and then to
the Substrate.

19. A method for producing data for analysis of a fine
Structure comprising generating electromagnetic radiation
by the method of claim 1 and directing Said radiation to the
Structure.

20. A method for producing data for analysis of a fine
Structure comprising generating electromagnetic radiation
by the method of claim 1 and directing Said radiation to the
Structure and then imaging Said radiation to a detector.
21. A method to produce data for analysis of a protein
Structure comprising generating electromagnetic radiation
by the method of claim 1 and directing Said radiation to the
protein Structure.
22. A method to produce data for analysis of a protein
Structure comprising generating electromagnetic radiation
by the method of claim 1 and directing Said radiation to the
protein Structure and then to a detector.
23. The method of claim 1, wherein said selecting is
accomplished by preferentially accelerating those electrons
of Said group having a narrow energy range.
24. The method of claim 23, wherein said preferentially
accelerating is accomplished by multi-stage acceleration.
25. The method of claim 1, wherein said emission of

radiation is at a fundamental frequency.
26. The method of claim 1, wherein said emission of

radiation comprises multiple frequencies that are multiples
of a fundamental frequency.
27. The method of claim 26, wherein said multiple
frequencies are generated by Said undulator characterized by
a field Strength that is essentially non-sinusoidal.
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28. A method for generating electromagnetic radiation
comprising: producing a group of free electrons, undulating
the group of free electrons and causing emission of radia
tion.

29. A method of claim 28, wherein said producing
includes accelerating free electrons by means of an electron
beam in a plasma.
30. A method of claim 28, wherein said producing of free
electrons includes accelerating free electrons in a plasma.
31. A method of claim 28, wherein said producing of free
electrons includes accelerating free electrons by means of a
laser in a plasma.
32. A method of claim 31, wherein the accelerating is
accomplished at least in part by a plasma wakefield.
33. A method of claim 32, wherein the accelerating is

assisted by a direct-current (DC) electric field.
34. The method of claim 28, wherein said group of free
electrons is mono-energetic.
35. A method of claim 28, wherein said undulating is
accomplished by an electromagnetic laser wiggler.
36. A method of claim 28, wherein said undulating is
accomplished by a magnetostatic undulator.
37. A method to lithographically pattern a Substrate com
prising generating electromagnetic radiation by the method
of claim 28 and directing Said radiation to the Substrate.
38. A method to lithographically pattern a Substrate com
prising generating electromagnetic radiation by the method
of claim 28 and directing Said radiation to a mask and then
to the Substrate.

39. A method for producing data for analysis of fine
Structure comprising generating electromagnetic radiation
by the method of claim 28 and directing said radiation to the
Structure.

40. A method for producing data for analysis of fine
Structure comprising generating electromagnetic radiation
by the method of claim 28 and directing said radiation to the
Structure and then imaging Said radiation to a detector.
41. A method to produce data for analysis of a protein
Structure comprising generating electromagnetic radiation
by the method of claim 28 and directing said radiation to the
protein Structure.
42. A method to produce data for analysis of a protein
Structure comprising generating electromagnetic radiation
by the method of claim 28 and directing said radiation to the
protein Structure and then to a detector.
43. The method of claim 28, wherein said emission of

radiation is at a fundamental frequency.
44. The method of claim 28, wherein said emission of

radiation comprises multiple frequencies that are multiples
of a fundamental frequency.
45. The method of claim 44, wherein said multiple
frequencies are generated by Said undulator characterized by
a field Strength that is essentially non-sinusoidal.
46. A method for generating electromagnetic radiation
comprising: generating a first group of free electrons and
Separately generating Seed radiation; undulating the first
group of free electrons in the presence of the Seed radiation,
thereby producing first amplified radiation; generating a
Second group of free electrons, and undulating the Second
group of free electrons and the first amplified radiation in a
Second undulator to produce Second amplified radiation.
47. A method for generating electromagnetic radiation
comprising:
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(a) generating a group of free electrons and separately
generating Seed radiation; undulating the group of free
electrons in the presence of the Seed radiation, thereby
producing upstream amplified radiation; and

(b) generating a further group of free electrons, and

undulating the further group of free electrons and the
upstream amplified radiation in a downstream undula
tor to produce a downstream amplified radiation.

48. The method of claim 47, wherein Step (b) is repeated

for a multi-staged amplification of three Stages or more.
49. A method for generating electromagnetic radiation
comprising: producing a first group of free electrons, undu
lating a Second group of free electrons from among Said first
group of free electrons, Said Second group of free electrons
having a reduced energy Spread as compared to Said first
group, where Said undulator has an intensity Sufficient to
cause the emission of radiation from the Second group of
electrons and causes the electron radiation to interact with
radiation from the undulator.

50. An apparatus for generating radiation comprising a
Source of an energetic beam of free electrons and an undu
lator adapted to cause Said free electrons to undergo undu
lation to produce electromagnetic radiation.
51. The apparatus of claim 50, wherein said source of
energetic free electrons comprises a cathode target com
prised of an ionized gas or an ionized clustered gas.
52. The apparatus of claim 51, which comprises a Source
of Said ionized gas or ionized clustered gas being a Source
Selected from the group consisting of gas jet, filed capillary
or backfilled chamber, and combinations thereof.

53. The apparatus of claim 51, wherein said source of
energetic free electrons comprises a cathode target com
prised of an ionized Solid.
54. The apparatus of claim 53, which comprises a Source
of Said ionized Solid being a Source Selected from the group
consisting of moving wire Spool, rotating disk, liquid jet,
liquid droplets, and combinations thereof.
55. The apparatus of claim 50, wherein said undulator
comprises a Series of magnets arranged to provide a field
perpendicular to the direction of propagation of Said electron
beam and to alternate in a field direction along the direction
of propagation of Said electron beam.
56. The apparatus of claim 55, which includes permanent
magnets arranged to provide Said field normal to the direc
tion of propagation.
57. The apparatus of claim 55, which includes variable
electromagnets providing Said field normal to the direction
of propagation.
58. The apparatus of claim 50, which comprises a source
of photons arranged to direct and focus Said photons to
coincide with Said beam of free electrons in Said undulator.

59. The apparatus of claim 50, which further comprises a
filter between said free electron Source and undulator for

filtering the free electrons thereby providing a group of
electrons having a reduced energy Spread.
60. The apparatus of claim 59, wherein said filter com
prises one or more magnets.
61. The apparatus of claim 50, wherein said source of free
electrons comprises an accelerator for accelerating certain
free electrons to produce a group of Select electrons having
a reduced energy spread.
62. A method to generate electromagnetic radiation com
prising:
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producing free electrons, arranging Said free electrons
into groups of free electrons having corresponding
different energy ranges and Spatially Separating Said
groups, and undulating the groups of free electrons
essentially simultaneously with respective undulators,
Said undulators each having an intensity Sufficient to
cause the emission of radiation from a respective one of
Said groups of free electrons and causing the electron
radiation to interact with radiation from the undulator

to bunch the electrons of a respective Said group,
whereby Such bunching generates further emission of
radiation of differing wavelengths corresponding to
Said groups respectively.
63. A method of generating electromagnetic radiation
comprising:
producing free electrons arranged in Spatially Separate
groups of free electrons having essentially non-over
lapping energy ranges, and undulating the Spatially
Separate groups of free electrons essentially simulta
neously, causing emission of radiation at various wave
lengths.
64. The method of claim 1, wherein said producing of free
electrons comprises photo-ionization of one or more
Selected from the group consisting of gas, liquid and Solid.
65. The method of claim 2, wherein said plasma is
produced by photo-ionization of one or more Selected from
the group consisting of gas, liquid and Solid.
66. The method of claim 8, wherein said radiation from

said first stage of undulating is collected and focused with
X-ray optics before being added to Said Second Stage of
undulating.

67. The method of claim 66, wherein said focusing is by
at least one Selected from the group consisting of curved
mirrors, Zone plates and capillary fibers.
68. An apparatus for generating electromagnetic radiation
comprising:

(a) a Source of a group of free electrons;
(b) a Source of Seed radiation;
(c) an undulator for undulating the group of free electrons
in the presence of the Seed radiation, thereby producing
upstream amplified radiation;

(d) a Source of a further group of free electrons; and
(e) a downstream undulator for undulating the further
group of free electrons and the upstream amplified
radiation to produce a downstream amplified radiation.
69. The apparatus of claim 68, having one or more
additional downstream undulators for a multi-staged ampli
fication of three Stages or more.
70. The apparatus of claim 68 that comprises a collector
for collecting Said upstream radiation and X-ray optics for
focusing Said upstream radiation, Said collector and X-ray
optics arranged to direct Said upstream radiation to Said
downstream undulator.

